Scanning tunneling microscopy on Ar ion bombarded and annealed aluminum surfaces shows electron interference between the surface and subsurface bubbles of implanted gas. The depth of the bubbles as determined from the energy dependence of the standing waves indicates a minimum around 6-7 layers on Al(111). The appearance and energy dependence of the interference pattern is in good agreement with scattering theory based on free electrons, and indicates the bubbles have a shape given by the Wulff construction. PACS numbers: 61.16.Ch, 61.80.Jh, 73.20.Dx Whereas quantum wells (QW's) and related electron interference phenomena in semiconducting systems are well known and have found technological applications [1, 2] , there are relatively few observations of such phenomena on metals. Besides interference phenomena of surface state electrons on noble metals [3] , there has been evidence of QW phenomena of metal bulk states in photoelectron spectroscopy of thin layers [4] [5] [6] . It has also been shown theoretically that QW's of bulk states can be studied by scanning tunneling microscopy (STM) on metals [7] , but experimental verification has been limited to ultrathin metallic layers on Si [8] . In the current Letter we report the detection of interference of Al bulk electrons between the (outer) surface and subsurface gas bubbles, which form a second reflecting Al surface.
Whereas quantum wells (QW's) and related electron interference phenomena in semiconducting systems are well known and have found technological applications [1, 2] , there are relatively few observations of such phenomena on metals. Besides interference phenomena of surface state electrons on noble metals [3] , there has been evidence of QW phenomena of metal bulk states in photoelectron spectroscopy of thin layers [4] [5] [6] . It has also been shown theoretically that QW's of bulk states can be studied by scanning tunneling microscopy (STM) on metals [7] , but experimental verification has been limited to ultrathin metallic layers on Si [8] . In the current Letter we report the detection of interference of Al bulk electrons between the (outer) surface and subsurface gas bubbles, which form a second reflecting Al surface.
The experiments were done on Al and Al 99 Cu 1 single crystals, which were cleaned by cycles of sputtering (1 keV Ar 1 ) and annealing (400-500 ± C). Auger electron spectroscopy (AES) did not show any impurities except implanted Ar. STM measurements have been performed with a commercial STM (Omicron micro-STM) operated in constant current mode. Sample preparation and measurements were performed in UHV with a base pressure below 10 210 mbar. On STM topographs measured on the (111) surfaces of the crystals we find hexagonal features with apparent heights (positive or negative) of typically 620 pm or less and a diameter of a few nm (Fig. 1) . Varying the tunneling voltage changes the appearance of these features (also between positive and negative corrugation), and, along with the fringes seen at the outer edges of the hexagons, we identify these features as resulting from electronic interference.
To further study the nature of the hexagonal features we investigate their electronic structure using STM spectroscopy of unoccupied states. Unlike conventional I͑V ͒ spectroscopy, due to the strong increase of tunneling current I with gap voltage V at higher voltages, we rather use z͑V ͒ spectroscopy with the tunneling current held fixed by the feedback loop. Figure 2 shows such a measurement for a line scan through two hexagonal features. Since the z͑V ͒ spectrum of the pure Al surface shows a nearly linear increase with increasing V (mainly caused by the reduction of the effective barrier height), we have subtracted this background contribution z pure Al from the data. Bright indicates higher apparent height z, equivalent to larger tunneling probability at electron energies at or slightly below V ; contributions from energies much below V are strongly suppressed by the tunneling barrier. Since Al(111) does not have a surface state near G, which might also lead to electron interference phenomena observable by STM [3] , the experimental data can be explained only by interference of bulk states, forming a quantum well between the surface and a subsurface reflector. The periodic increase and decrease of Dz͑V ͒ (Fig. 2 ) supports this view. At each energy where tunneling into a new quantum well state (standing wave between the surface and the reflector) becomes possible, we see an increase of tunneling probability, and, hence, of Dz͑V ͒.
Analyzing the number of hexagons over a large surface area, we note a clear correlation with the amount of residual argon detected by Auger spectroscopy; both decrease with increasing annealing temperature. Furthermore, outgassing of Ar was detected by a mass spectrometer. Based on this, we identify the reflectors needed for the quantum well as the surfaces of Ar-filled voids, i.e., gas bubbles, which form by diffusion during annealing of Ar implanted during sputtering. We note that the shape of such bubbles should follow the Wulff construction, which minimizes the surface energy of Al. This results in roughly equilateral hexagons for their (111) faces (Fig. 3) . The interference patterns we observe on the (100) surface (not shown) look more like ͗110͘-oriented squares with rounded edges, also in agreement with the respective facet of the bubbles as determined by the Wulff shape.
In a one-dimensional particle-in-a-box model, the energies of QW states are related to the electron dispersion and the well width. Therefore, we can estimate the depth of the bubbles from the Dz͑V ͒ data. The relevant unoccupied Al bands for electron motion perpendicular to the (111) surface are parabolic with an effective mass m ‫ء‬ ഠ m e . Assuming the electrons undergo reflection at both the crystal surface and the bubble surface incurring an energyindependent phase shift, we find the depth D is given by (atomic units e 2 h m e 1)
where E n is the nth state in the QW. Taking a sharp increase of Dz͑V ͒ as indicating the appearance of a new energy level, then using the lowest two levels Eq. (1) indicates the depth of the bubble responsible for the left (right) hexagon in Fig. 2 as around 9 (15) atomic layers. A similar analysis of many other bubbles yields depths around the same range. As would be expected, we have observed that the deeper bubbles give weaker contrast. In reality the scattering phase shifts at the reflector and surface are not energy independent, largely due to the classical turning point of the electrons moving outward with increasing energy. This results from the charge spilling out of the well, leading to a potential which increases smoothly across the interface. The effect of this is to compress the energy levels, so that Eq. (1) overestimates the depth. We have quantified this effect by considering a simple analysis based upon both self-consistent jelliumlike surface potentials and ab initio pseudopotential calculations for thin Al slabs, each including a constant tip-induced electric field. These indicate that the depths of the two bubbles in Fig. 2 are probably closer to 6-7 layers and 11-12 layers. We have identified a number of bubbles at the same depth as the shallower one in Fig. 2 , but none closer to the surface. This presumably reflects the weakness of a thinner Al film.
As a further support of our interpretation we have calculated theoretical STM images of subsurface bubbles, approximating the tunneling current, I͑V , R͒, by the integrated local density of states (LDOS) of the surface n͑r, E͒ at the position R of the tip [10] ,
V is the bias voltage, and the current is assumed to flow from an electronically structureless tip to unoccupied states of the Al crystal which lie within an energy V of the Fermi energy E F . We treat the Al crystal ͑z , 0͒ as a free-electron metal (jellium), for simplicity using a planar potential step [height W fixed by Al(111) work function] for the vacuum barrier, and we neglect changes in the tunneling barrier induced by the tip. By calculating the one-electron Green function G͑r, r 0 ; E͒ of the system, we obtain the LDOS n͑r, E͒ ͑1͞p͒ ImG͑r, r; E͒.
We find G͑r, r 0 ; E͒ by scattering theory. The scattering potential of the bubble, assumed to have a circular cross section parallel to the surface, is represented as a series of circular disks, each of potential V , with delta-function width. The nth disk has radius S n and lies at a depth Z n ,
We place the first disk at depth D beneath the surface ͑z 0͒, and the remainder at a regular spacing d. By choosing a spacing much less than the electron wavelength 2p͞ p 2E, scattering by the potential V bub ͑r͒ closely resembles that of a solid object occupying the same region and with a mean potential Vd, while the particular form of V bub ͑r͒ in Eq. (3) enables us to easily vary both the bubble dimensions and the profile normal to the surface. The validity of the representation is readily assessed by increasing the density of scattering planes, and we find the calculated images are insensitive to the precise value of d when d # 1. We choose Vd 0.58, the same as the vacuum potential W . We solve the Lippman-Schwinger equation for each individual disk to find the corresponding reflection and transmission properties, and the reflectivity of the composite object is found by coupling the scattering operators of the individual disks, along with those of the step potential at the surface. The result is a reflectivity R m kk 0 ͑E͒ relating the amplitudes of waves incident on and scattered from the surface, at energy E, with azimuthal angular momentum m, and with radial momenta k (incident) and k 0 (reflected), respectively. In terms of this reflectivity the Green function is
x ͑r, f͒, G 0 is the vacuum Green function, g k p 2W 2 2E 1 k 2 is the decay constant into vacuum, and ͗xjmk͘ p k͞2p J m ͑kr͒ exp͑imf͒ is a normalized, inplane, free-electron wave function.
The result of such a calculation is shown in Fig. 4 , where we have assumed the bubble has the shape of a truncated cone with 45 ± slope (which lies between the slopes of the ͕100͖ and ͕110͖ faces of the Wulff construction) and lies at a depth of D 3.5 nm. The good qualitative agreement between calculated I͑V ͒ data (normalized with respect to the pure Al surface) and the experimental z͑V ͒ spectroscopy (Fig. 2) is evident. The calculation also reproduces the subtle features of the fringes, such as the inwards movement with increasing voltage and the fact that the outer fringes have a shorter "wavelength" than those closer to the center. Varying the geometry of the scatterer we find poorer agreement when the individual disks are all of identical radius, so that the edges do not slope. On the other hand, the result is not very sensitive to the shape of the reflector below its maximum circumference. This therefore supports our assumption of a scatterer with a flat top and slopes at the sides, which is in agreement to the Wulff shape mentioned above.
Implantation of noble gases in solids has practical importance in diverse fields ranging from sputter deposition of thin films to the walls of fusion devices [11] . Our STM study of QW phenomena has allowed us to estimate the depth, size, and shape of small gas bubbles, quantities not easily accessible by other techniques. We should also mention that we have observed similar interference phenomena also on Pb(111). Therefore, the study of subsurface bubbles via electron interference is not restricted to Al and may be possible on other metals as well. Nevertheless, the simplicity of the free-electron-like Al band structure (compared to d bands) greatly simplifies the identification and interpretation of this effect.
Finally, it should be noted that an unexpectedly high number and stability of Ar bubbles implanted in Al could be of significance in a technologically important but insufficiently understood phenomenon, namely, the electromigration failure of sputter-deposited Al or AlCu conduction lines used in integrated circuits. Since the thermodynamic equilibrium pressure of a gas bubble in inversely proportional to its radius, excess pressure will build up when bubbles merge [12] , e.g., being trapped at grain boundaries. Both the formation of large voids [13] and the high pressure can damage the conduction lines.
